The analysis of intramolecular atomic energies and charges, obtained from QTAIM, strongly and unambiguously suggests that the most stable HL + form of a linear triamine H 2 N(CH 2 ) 2 NH(CH 2 ) 3 NH 2 (L) has the secondary nitrogen atom protonated, contradicting earlier reports. This is supported by the G(aq) value (at the RX3LYP/6-311++G(d,p) level of theory in solvent, CPCM/UAKS) which is lower by about 4 kcal mol -1 (equivalent to three log units of a protonation constant log K H ) when compared with remaining HL + tautomers. The most stable H 2 L 2+ form of L found from QTAIM has two terminal nitrogen atoms protonated, which is in agreement with the existing views. A new rule governing the protonation sequence of linear polyamines is proposed stating that at thermodynamic equilibrium the protonation sequence in a solution results in the formation of tautomers which (i) minimizes the differences in the atomic energies and net atomic charges of both terminal atoms, N and C, in all partially protonated forms, HL + and H 2 L 2+ , and (ii) have a symmetrical distribution of the atomic energies and net atomic charges on the terminal fragments -CH 2 -NH 2 of a linear molecule. Several conditions, involving the atomic energies and charges of the terminal N-and carbon atoms, are defined and incorporated in a protocol which results in a definite prediction of the protonation sequence of linear aliphatic triamines.
Introduction
The protonation sequence of linear aliphatic polyamines (LAP) in solution has attracted the interest for decades [1] [2] [3] [4] [5] [6] [7] [8] but it is still a matter of controversy. It is a challenging task because different parts of LAPs are so alike that the basicities of the different nitrogen atoms are very similar. In addition, the number of possible combinations in protonation sequences increases quickly with an increase in a number of nitrogen atoms particularly when combined with different lengths of -(CH 2 ) k -fragments between the nitrogen atoms. The same applies to uncertainty in the proposed protonation sequences of LAPs and there are many contradicting reports, even when the same experimental technique was used. For instance, in case of H 2 N(CH 2 ) m NH(CH 2 ) n NH 2 , (L) where m,n = 2-4, all three possible protonation sites have been proposed for the first protonation step, H + + L = HL + . An equilibrium mixture of tautomers involving the protonated primary and secondary nitrogen atoms being at almost statistical ratio was suggested for the monoprotonated forms of 1,4,7-triazaheptane (2,2-tri) [1] and 1,4,7,10-tetraazadecane [2] by Paoletti et al. from thermochemical studies. Hague and Moreton [6] , from 13 C NMR studies, have concluded that in the monoprotonated forms of 1,4,8-triazaoctane (2,3-tri) the proton is shared equally by all the nitrogen atoms. However, according to Delfini et al, [4] who have also used 13 C NMR, a tautomeric equilibrium between species with protonated primary and secondary nitrogen atoms does not take place in the first protonation step. They postulated that (i) in all five triamines examined by them (with different combinations of m and n, m,n = 2-4) the protonation of the secondary nitrogen occurs only after the protonation of the two primary (terminal) nitrogen atoms is complete, and (ii) in the case of the asymmetric triamines (such as 2,3-tri) the protonation of the nitrogen attached to the longer aliphatic chain starts first. Clearly, the interpretation of experimental data reported to date prove to be difficult and the protonation sequence involving the first protonation step still must be regarded as highly uncertain, even in case of simple triamines.
It is generally accepted, however, that the H 2 L 2+ form of triamines involves two terminal nitrogen atoms [1, 3, 6, 8] followed by the protonation of the secondary nitrogen atom when H 3 L 3+ is formed. This paper reports a theoretical (computational) investigation of the protonation sequence in water of linear aliphatic triamines with 2,3-tri used as a representative example (a fully deprotonated form of 2,3-tri is shown in Fig. 1 ). The quantum theory of atoms in molecules (QTAIM) was used to analyze calculated electron densities and "wavefunctions" to obtain atomic properties such as atomic energies and atomic populations/charges. The analysis of QTAIM atomic energies E() and atomic electron populations N() or, equivalently, atomic charge q() distributions within each protonated form of this molecule is used to predict the protonation sequence in water. For comparison, an analogous QTAIM study is also performed on the relevant gas structures of 2,3-tri. This is a first attempt of this kind of analysis hence new hypotheses had to be formulated to interpret the data in a meaningful way.
The trends found for the atomic energies and charges are compared with trends found for Gibbs free energies computed for all possible protonated forms of 2,3-tri in the vacuum phase and in solvent.
Computational Methods
All electronic structure calculations were performed with the aid of Gaussian 03, revision D01 [9] . GaussView 4.1.2 [10] was utilized as a molecular builder and for visualization. All structures have been fully optimized without constraints at the RX3LYP/6-311++G(d,p) level of theory. Since the ultimate aim of this work is to rationalize and to predict the protonation sequence in aqueous solution, we have used the Conductor-like Polarizable Continuum Model (CPCM) [11] [12] [13] [14] [15] in conjunction with the united atom (UA) cavity-model in-tagged with Kohn-Sham (KS) radii (UAKS) [16, 17] with water as a solvent ( = 78.39). The same set of molecules was also optimized at the RB3LYP/6-31+G(d,p) level of theory in a gas phase. A tight gradient convergence criterion with ultrafine integration grid was used in all calculations.
All reported geometries belong to genuine minimum energy conformations (imaginary frequencies are not present).
The atomic energies and charges were computed in both the vacuum phase and the solvated state using QTAIM [18] implemented in AIMALL [19] .
Results and Discussion

G(aq) and the Protonation Sequence in Solvent
There are three possible protonation sites in 2,3-tri, namely N1, N4, and N8 ( Fig. 1 ) and all possible protonated forms were energy-minimized in solvent. A full set of optimized structures is shown in Fig. S1 , Supplementary Information, and the relevant G(aq) values are shown in Table 1 . From the analysis of data seen in Table 1 and assuming that at the thermodynamic equilibrium the lowest energy form of H n L n+ predominates in a solution (with the lowest G(aq) value), the following protonated forms might be proposed as most stable in solvent (water)
where the values in parentheses are the % Boltzmann distribution mole fractions in aqueous solution at 25°C.
On average, the Gibbs free energy of (HL + ) N4 (see structure (a) in Fig. 2 ) is smaller by 4 kcal mol -1 when compared with both tautomers with the primary (terminal) nitrogen atoms being protonated and is the only monoprotonated form that exists in solution at 25°C (Table   1 ). The difference in G(aq) values is equivalent to about 3 log units of a protonation constant log K H (1.36 kcal mol -1 is equivalent to 1 log K H unit). One can argue that this difference should be seen as large and sufficient to support eq. 1 as the resultant first protonation step.
Surprisingly, this is in contrast to earlier experimental reports [1, 2, 4, 6, 8] as the formation of the monoprotonated form with the secondary nitrogen being protonated as a predominant or the only form was not proposed. Instead, either a mixture of two tautomers in case of 2,2-tri [1] or three tautomers in case of 2,3-tri [6, 8] was suggested, or the formation of a single monoprotonated form with a nitrogen atom attached to the longer aliphatic chain was proposed [2] .
Following on reasoning used for the first protonation step, (H 2 L 2+ ) N1,N4 should be excluded because it has the highest G(aq) value (by about 3 kcal mol -1 ) among all possible tautomers. The difference G(aq) = G(H 2 L 2+ ) N1,N8 -G(H 2 L 2+ ) N4,N8 = 0.5 kcal mol -1 is rather small and translates into ~ 70% of (H 2 L 2+ ) N4,N8 and ~ 30% of (H 2 L 2+ ) N1,N8 at the present level of theory. This energy difference is too small and close to the accuracy of the electronic structure calculations and one can consider these two tautomers as equally possible. This is also a rather surprising result as it is against generally accepted and experimentally supported view that the second protonation step results in two terminal nitrogen atoms being protonated and one would expect that the (H 2 L 2+ ) N1,N8 tautomer should have a significantly lower energy G(aq) when compared with the two other possible protonated forms. In general, the analysis of G(aq) values contradicts previous experimental reports and when used as a predictive tool, has not resulted in an unambiguous interpretation of the protonation sequence.
QTAIM-Based Analysis in Solvent
QTAIM [18] is used here as a predictive tool of the protonation sequence from properties of the atoms in the molecules such as atomic charges and atomic energies. The molecular virial ratios (γ = -V/T) in solvent for L, three tautomers of HL + and H 2 L 2+ , as well as H 3 L 3+ were 2.00469, 2.00497  0.00001, 2.00530  0.00004, and 2.00570, respectively. These departures of γ from the ideal value of 2 indicate a disagreement between the total molecular energies and the corresponding kinetic energies (1 -γ) of ~ 0.5%. A simple correction was applied to satisfy the molecular virial theorem by scaling all raw integrated atomic kinetic energies by the molecular (1 -γ) [20] .
We begin by analyzing the fully deprotonated (L) and fully protonated (H 3 L 3+ ) ligand, since these are the only possible forms that can exist leaving no ambiguity related to the placement of protons. It is assumed that these two forms have characteristics which could be used to predict the most likely protonated forms, HL + and H 2 L 2+ , in solution.
Analysis of the Nitrogen Atoms
The terminal nitrogen atoms (N1 and N8) in the fully deprotonated, L, and fully protonated, H 3 L 3+ , forms of 2,3-tri have almost the same net atomic charges in solvent ( Table 2 ). The charge differences, q(N) = q(N1) -qN (8) , in L and H 3 L 3+ are -0.003 and -0.002 e, respectively, and they can be regarded as rather small. Similar charge differences between terminal nitrogen atoms we found only for (HL + ) N4 (0.004 e) and The analysis of atomic energies is consistent with the net atomic charge analysis.
It is seen in Figure 3 
Analysis of the Carbon Atoms
Analysis of net atomic charges on the C2-and C7-atoms (they are bonded to the terminal N1-and N8-atoms, respectively) in L and H 3 L 3+ reviles ( Table 3) that q(C) = q(C2) -q(C7) is -0.004 and -0.003 e, respectively, which is as small as observed for the terminal nitrogen atoms. Similar net charge differences between terminal carbon atoms we found only for (HL + ) N4 (-0.005 e) and (H 2 L 2+ ) N1,N8 (-0.002 e). However, more than an order of magnitude larger q(C) values are observed for (HL + ) N1 
Charge Distribution within the Molecule
Schwarzenbach [3] proposed decades ago that the electrostatic repulsion between the to assume that these rules should hold also for all linear aliphatic triamines, and most likely also polyamines of a type H 2 N(CH 2 ) m {NH(CH 2 ) n } k NH 2 , where k, m, and n are natural numbers with k  1 and m, n  2.
Protonation Sequence
If the smallest q and E values are used as a guide then (HL + ) N4 of 2,3-tri is most stable among the monoprotonated forms and must be seen as either the only form present in a solution at the equilibrium, or at least as a largely predominant one. For the second protonation reaction, the formation of (H 2 L 2+ ) N1,N8 (see structure (b) in Fig. 2 ) can be predicted with high certainty where the terminal N1 and N8 must be seen as preferentially protonated atoms. From that follows that the QTAIM-established sequence of protonation of 2,3-tri is L + H + = (HL + ) N4 (first protonation step)
(HL + ) N4 + H + = (H 2 L 2+ ) N1,N8 (second protonation step)
It is clear that the QTAIM-based analysis (i) does not support the first step in the protonation sequences proposed from the thermochemical or 13 C NMR studies where either all three possible HL + forms were suggested to be present at the same (or similar) concentration ratio, or the terminal nitrogen atom of the longer aliphatic chain was to be protonated first, and (ii) strongly supports and correlates well with the generally accepted protonation sequence reported to date for the second protonation reaction where two terminal nitrogen atoms are involved.
Charge and Energy Distributions between Terminal Nitrogen and Carbon
Atoms It is seen in Tables 2 and 3 
Protonation Sequence in a Gas Phase
As a test case, all the protonated forms of 2,3-tri were optimized in the gas phase (even if not the lowest energy conformers in the gas phase [21] [22] [23] for the sake of making a direct comparison with the linear and completely antiperiplanar conformers investigated in solvent).
The G(g) values obtained at the RB3LYP/6-31+G(d,p) for HL + and H 2 L 2+ are shown in Table   5 . It is seen that the G(g) value for (HL + ) N4 is significantly lower (by more than 7 kcal mol -1 )
when compared with the energies of the two remaining HL + tautomers. Even much larger differences are observed between H 2 L 2+ tautomers with (H 2 L 2+ ) N1,N8 being the lowest energy tautomer. Clearly, results seen in Table 5 can be seen as being in full agreement with the protonation sequence proposed from the QTAIM-based analysis in solvent.
It appears that the analysis of G(g) values obtained for the antiperiplanar conformers could be used as a predictive tool of the protonation sequence in solvent. It was then of importance to find out if an analogous QTAIM-based analysis performed on the gas-structures predicts similar trends between the atomic energies and net atomic charges, as found in solvent. A full set of data for the net charges and atomic energies of N-and carbon atoms is shown in Tables S1-S2 in Supplementary Information. It is seen in Table S1 that the small energy differences between the terminal nitrogen atoms of -1. values; all of them are below 10 kcal mol -1 .
From the G(g), net atomic charge, and atomic energy distributions in the gas phase it is evident that a full correlation exists only between the minimum Gibbs free energy values and atomic energies of N-and carbon atoms; there is not a single higher Gibbs free energy structure which has small the E(N) and E(C) values. Interestingly, we found a higher Gibbs free energy tautomer which had a small charge difference between the terminal nitrogen atoms (see q(N) for (HL + ) N8 in Table S1 ). Clearly, the analysis of atomic charges in the gasoptimized antiperiplanar conformers could not result in an unambiguous prediction of the protonation sequence in solvent when performed separately. But in case of the analysis performed in solvent, an excellent correlation was found between the charge differences (q(N), q(C) and Δq(C,N)) and atomic energy distributions for the terminal N-and carbon atoms (all obtained from the QTAIM-based analysis), but unfortunately the G(aq) values have not followed these trends fully.
Conformational Considerations
It is known that polyamines are flexible molecules and can attain almost any It is important to stress here that the above examples of the reported structures not only support the use of completely antiperiplanar conformers in solvent, but most importantly they can be used in a full support of the proposed protonation sequence. It is evident from [26] that (i) as expected from the earlier literature reports and our results reported here, both terminal nitrogen atoms are protonated in the H 2 L 2+ form of 2,3-tri and (ii) the secondary nitrogen atom is protonated in the HL + form of triamine 2,2-tri, as it is proposed in this work for 2,3-tri. Interestingly, we were not able to find a crystal structure of any triamine with a primary nitrogen atom being protonated, as postulated earlier [1, 2, 4, 6, 8 ].
Conclusions
The analysis of all the results, obtained in the gas and aqueous phase, leads to the following conclusions when the theoretical prediction for the protonation sequence of linear all-trans aliphatic triamines. The most probable protonated form can be characterized by:
(i) The smallest differences in the atomic energies between the terminal nitrogen atoms, E(N), and carbon atoms bonded to the terminal nitrogen atoms, E(C). This appears to be an overriding factor and can be seen as a necessary and sufficient condition (it was met in the gas phase and solvent).
(ii) The smallest differences in the net atomic charges between the terminal carbon atoms, q(C) (it was met in both phases) and between the terminal nitrogen atoms, q(N) (it was met fully only in solvent in this study).
(iii) The smallest differences in interatomic energies ΔE(C,N) and charges Δq(C,N)
between the terminal nitrogen and carbon atoms (these conditions were fully met only in solvent).
(iv) In case when two (or more) tautomers have small and comparable q(N), ΔE(C,N) or Δq(C,N) values, then the selection of the most likely protonation site must be supported by the small E(C) and E(N) values.
The combination of the above conditions may constitute a scheme for the prediction of the protonation sequence in linear polyamines. The present study suggests that the atomic energies and charges of the carbon atoms might be more important in establishing the protonation sequence than that of the terminal nitrogen atoms; one can see that the conditions (i) and (ii) are fully met in the gas phase and solvent only in case of carbon atoms. This is in contrast to the previous considerations where rationalization of a protonation sequence was focused at a charge distribution among nitrogen atoms.
Gibbs free energies obtained in the gas phase, G(g), can be used to predict the protonation sequence in solvent. However, the minimum G(aq) value has not been observed for the H 2 L 2+ tautomer selected from the QTAIM-based analysis. Several levels of theories and solvation models were tested but each time the computed G(aq) values have not changed the trend reported in this work -it is possible that the G(aq) values are highly dependent on the solvation model used. Fortunately and conveniently, the atomic energies vary by orders of magnitude and hence an unambiguous prediction of the most likely protonated forms is possible. Because the same trends in the atomic energy distributions were observed in the gas phase and solvent, we conclude that it is likely a good predictor of protonation sequences. , among all protonated forms of 2,3-tri c ) E(C)= E(C2) -E(C7) in kcal mol -1 d ) q(C) = q(C2) -q(C7) in e. Table 4 Charge (part a, in e) and atomic energy (part b, in kcal mol -1 ) differences between terminal C-and nitrogen atoms in all H n L n+ forms of 2,3-tri optimized at the RX3LYP/611++G(d,p) level of theory in solvent (CPCM/UAKS) (a)
Figure Captions
) E(N)= E(N1) -E(N8) in kcal mol -1 d ) q(N) = q(N1) -q(N8) in e
Ligand
q(C2,N1) q(C7,N8) q(C,N) L Table 5 Gibbs free energies, G(g) at the RB3LYP/6-31+G(d,p) level of theory, of all protonated forms of 2,3-tri and differences, G(g) in kcal mol -1 , calculated against the lowest-energy protonated form shown of a relevant tautomer which is shown in bold. Table 6 Charge (part a, in e) and atomic energy (part b, in kcal mol -1 ) differences between terminal Cand nitrogen atoms in all H n L n+ forms of 2,3-tri optimized at the RB3LYP/61+G(d,p) level of theory in a gas phase (a)
Ligand q(C2,N1) q(C7,N8) q(C,N) L 
